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INTRODUCTION 

When heavy o i l s  a re  subjected t o  p y r o l y s i s  i n  t h e  presence of hydrogen, 
c rack ing  t o  lower mo lecu la r  weight compounds i s  accelerated and produc t ion  o f  
coke i s  i i b i t e d  compared t o  t h e  case i n  which an i n e r t  atmosphere i s  
p resent  .( It $as p rev ious l y  been reported t h a t  a t  very h igh  hydro 
concent ra t ions  (>lo v o l / v o l )  p roduc t ion  o f  coke i s  v i r t u a l l y  e l im ina ted .  
Others have repor ted  t h a t  t he  p r w c e  o f  hydrogen improves l i q u i d  hydrogen 
y i e l d  when c rack ing  res idua l  o i l s .  

I n  the course of our i n v e s t i g a t i o n s  cons iderab le  a t t e n t i o n  has been given 
t o  changes i n  mo lecu la r  s t r u c t u r e  and produc t  c h a r a c t e r i s t i c s .  By comparing 
r e s u l t s  w i th  those obtained i n  t h e  absence o f  hydrogen an understanding o f  the  
reac t ions  o f  h.ydrogen i s  beq inn ing  t o  emerge. I n  t h i s  paper, an attempt i s  
made t o  ca tegor i ze  t h e  major reac t i ons  o f  hydrogen and t o  j u s t i f y  these 
reac t ions  i n  terms of t h e  observat ions made. 

av 

Chemical E f f e c t s  Observed i n  Hydropyro lys is  

Reduct ion o f  Coke Format ion 

The most obvious and perhaps most impor tan t  e f f e c t  o f  hydrogen i s  the  
i n h i b i t i o n  o f  coke fo rming  react ions.  I n  hyd ropy ro l ys i s  of t a r  sand bitumen, 
which y i e l d s  16-20% coke i n  de lay  k i n g  processes, cond i t i ons  e x i s t  i n  
which v i r t u a l l y  no coke i s  produced. T2-'? Representa t ive  r e s u l t s  a re  shown i n  
Table 1. 

Table 1 

Product Yields from Coking and 
!!ydropyro:yjis af Tar Sand Bitumen 

SUNNYSIDE SITUMEN ATHAB4SCA RITUMEN 
Coki nq Hydropyro lys is  T o k i n g  Hyd ropy ro l  y s  i s 

WEIGHT PERCENT YIELDS 
(Co i led  Tube) ( V e r t i c l e  Tube) 

Gas 8.9 27.0 
L i q u i d  71.0 73.0 
Coke 20.1 NIL 

7.5 1.7 
76.5 93.7 
16.0 4.6 
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Reduction o f  Dehydrogenation o f  Naphthenes 

i It has a l so  been observed t h a t  d u r i n g  hyd ropy ro l ys i s  l i t t l e  change i n  
t o t a l  aromatic carbon occurs (Ca = .22 f o r  products and .19 f o r  g y d s t o c k )  
wh i l e  coking d r a m a t i c a l l y  increases the  aromat ic carbon (Ca = .30).( It has 
a l s o  been observed t h a t  hydropyro lys is  p roduc ts  possess a h ighe r  f a c t i o n  

Saturates 
Monoaromatics 
Diaromat ics 
Poly-Polar Aromatics 

Coking H yd ropy r ol y s i s 

52.4 59.4 
8.4 12.0 
6.1 4.4 

33.0 24.1 

Gas/Liquid/Coke (weiqht percent )  4/81/15 17/ 83/ 0 
Avg. M.W. L iqu ids  321 336 

*Values qiven are on a feed bas is ;  gas produc t ion  i s  lumped i n t o  the  sa tura tes  
p o r t i o n  and coke produc t ion  i s  lumped i n t o  the  po ly -po la r  aromat ics f rac t i on .  

From the da ta  above i t  i s  no t  poss ib le  t o  t e l l  whether t h e  p r i n c i p a l  
e f f e c t  of hydropyro lys is  i s  t o  i n h i b i t  t he  denydrogenation of naphthenes t o  
form aromatics o r  t h a t  hydrogenat ion of condensed aromat ics t o  form 
monoaromatics i s  occur ing.  As w i l l  be shown below both  appear t o  be 
happening. NMR data  taken on an Athabasca bitumen and the  l i q u i d  products 
from hydropyro lys is  (93% y i e l d s )  suggests t h a t  t h e  f r a c t i o n  of monoaromatic 
carbon increases w i t h  hyd ropy ro l ys i s  processing. For the  Athabasca case the  
f r a c t i o n  aromatic carbon ( fa )  dec l i nes  from 0.35 t 0.28 wh i l e  the  f r a c t i o n  
aromat ic hydrogen (Ha) increases from .04 t o  .05, c l e a r l y  showing lower l e v e l s  
condensation and/or a lower degree of a l k y l  s u b s t i t u t i o n .  

Hydrogenation o f  Aromatics and O l e f i n s  

The observat ion t h a t  t o t a l  aromat ic carbon remaines v i r t u a l l y  constant 
( o r  i n  some cases dec l i nes )  w h i l e  the  d i s t r i b u t i o n  s h i f t s  from polycondensed 
aromat ics toward monaromatics s t r o n g l y  suggests t h a t  polycondensed aromatics 
a re  being h.ydrogenated. In hydropyro lys is  where coke format ion i s  small the  
amount o f  polyaromat ics i n  the  feed t h a t  can be accounted f o r  by l o s s  t o  coke 
i s  l im i ted .  
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I n  an at tempt t o  asce r ta in  whether o r  no t  aromat ics a re  i n  f a c t  being 
hydrogenated d u r i n g  hydropyro lys is ,  a m ix tu re  o f  5% naphthalene i n  n- 
hexadecane was hydropyrolyzed a t  54OOC and 2000 p s i g  H and 30 sec residence 
time. The 
i d e n t i t y  o f  t e t r a l i n  was confirmed by mass spectroscopy. Ca lcu la t i ons  o f  the  
thermodynamic equi  1 i b r i u m  between sa tura tes  and aromat ics reveal  t h a t  on ly  the  
mono-aromatics are s t r o n q l y  favored a t  these cond i t ions .  I n  t h e  t e t r a l i n -  
naphthalene system and a t  t h e  reac t i on  cond i t i ons  given t h e  e q u i l i b r i u m  
concent ra t ion  f o r  t e t r a l i n  i s  0.3 mole f r a c t i o n  ( i n  the  absence o f  c rack ing  o f  
t e t r a 1  i n ) .  

As w i t h  a romat ics  t h e r e  i s  a l s o  a t r o n g  tendency t o  hydrogenate 
o l e f i n s .  It has p r e v i o u s l y  been reported( 'S2f t h a t  o l e f i n s  conten t  i s  reduced 
i n  hydropyro lys is  by as much as 50-80% compared t o  thermal c rack inq  i n  an 
i n e r t  atmosphere. A t  h igher  Pressure Z 2000 p s i g  H2 te rmina l  o l e f i n s  a re  
v i r t u a l l y  absent from t h e  products of hydropyro lys is  of n-hexadecane. I t  i s  

5.7 f o r  t he  case wlen n-hexadecane was hydropyrolyzed i n  the  absence o f  
naphthalene. Th is  d a t a  suqqests t h a t  aromat ics compete w i t h  o l e f i n s  fo r  
a v a i l a b l e  hydrogen d u r i n g  sa tura t ion .  

An i n t e r e s t i n g  e f f e c t  of the presence of naphthalene was t o  reduce the 
conversion o f  n-hexadecane a t  constant reac t i on  cond i t ions .  'rlhen o ther  
unsaturated bonds such as o l e f i n ,  carbony l ,  o r  s u l f o x i d e  are  added t o  the  
system i m i l a r  reduc t i on  i n  the  l e v e l  o f  c rack inq  o f  n-hexadecane i s  

4 1 ~ 0 ,  t h e  g rea te r  the  concent ra t ion  o f  unsaturated bonds added, 
t h e  grea ter  i s  t h e  p roduc t i on  o f  o l e f i n s  from n-hexadecane. This inverse  
r e l a t i o n s h i p  between concen t ra t i on  o f  unsaturated species and c rack ing  ra tes  
of sa tura ted  species c l e a r l y  suqgests the  ex is tence o f  compe t i t i ve  reac t ions .  

Approximately 6% o f  t he  naphthalene was c o n v e r b  t o  t e t r a l i n .  

noteworthy t h a t  i n  t h e  experiment i n  which naphthalene was added t o  n- I 
hexadecane the  C5-Ci pa ra f f i ns  t o  o l e f i n  r a t i o n  dec l i ned  t o  3.0 compared t o  1 

Promot i on o f  Deal ky 1 a t  i on 

Hydropyro lys is  appears t o  promote deal k y l a t i o n  reac t ions .  Evidence for 
d e a l k y l a t i o n  a t  t he  r i n g  can be seen from NMR da ta  f o r  the  Athabasca case i n  
which the f r a c t i o n  o f  a l i p h a t i c  hydrogen alpha t o  an aromat ic r i n g  i s  reduced 
from 0.27 t o  0.21. I n  coking, by cont ras t ,  d e a l k y l a t i o n  a t  the  benzy l i c  
p o s i t i o n  i s  genera l l y  favored and the  f r a c t i o n  o f  a l i p h a t i c  hydrogen alpha t o  
t h e  r i n g  tends t o  increase. Fur ther ,  when pentane so lub le  maltenes from t a r  
sand bitumen are subjected t o  hy p y r o l y s i s  the products are shown t o  conta in  
11% pentane- inso lub le  m a t e r i a l  .@f This  ma te r ia l  i s  charac ter ized  as h i g h l y  
dea lky la ted  ma te r ia l  (H/C Z 0.9). 

I n  an attemDt t o  examine the  chemistry o f  dea lky la t i on ,  a m ix tu re  o f  20% 
n-Propyl benzene i n  n-hexadecane was subjected t o  hyd ropy ro l ys i s  a t  2000 psig, 
540" and 30 sec res idence time. I n  order  t o  separate the  h.ydrogen pressure 
e f fec ts  from the  t o t a l  pressure e f f e c t s  a second run  was made w i t h  a p a r t i a l  
Pressure Of 500 p s i  H2 and 1500 p s i  He. React ion cond i t i ons  were otherwise 
i d e n t i c a l .  Resu l ts  a re  shown i n  Table 3. As the  concent ra t ion  o f  aromat ics 
i s  increased or t h e  p a r t i a l  pressure o f  hydroqen i s  decreased, the  l e v e l  of 
conversion of both reac tan ts  i s  decreased. These r e s u l t s  are cons is ten t  w i t h  
those stated above, which shows t h a t  hydrogen acce le ra tes  t h e  c rack ing  
react ions.  
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The r e s u l t s  show t h a t  d e a l k y l a t i o n  a t  t he  r i n g  p o s i t i o n  i s  promoted by 
t h e  Dresence o f  hydrogen. The r a t i o  o f  benzene t o  to luene va r ies  d i r e c t l y  
w i t h  the  p a r t i a l  pressure o f  hydrogen. These r e s u l t s  a re  cons is ten t  w i th  
hydrodea lky la t ion  chemistry i n  which a t tack  by a hydrogen atom a t  an ipso  
P o s i t i o n  r e s u l t s  i n  cleavage of t h e  a l ky l -a romat i c  bond. 

The pressure o f  aromat ic t o  t h e  system reduces the  l e v e l  of o l e f i n  
sa tu ra t i on  bu t  no t  as much as a reduc t i on  i n  the  p a r t i a l  pressure of 
hydrogen. These r e s u l t s  a re  cons is ten t  w i t h  those obtained when naphthalene 
was added t o  the  system. Thus, t he  aromat ic r i n q  appears t o  ac t  as a s ink  t o  
dep le te  t h e  popu la t ion  o f  H' i n  t h e  reac t i on  zone. 

Hydrop.yrolysis Promotes a Broader D i s t r i b u t i o n  o f  Products 

The reduc t ion  i n  the  C4/C1 r a t i o  seen i n  Table 3 i s  cons i s ten t  w i t h  an 
i nc reas ing  thermal e f f e c t  and decreasing h y d r o p y r o l y t i c  e f f e c t .  I t  i s  
noteworthy t h a t  i n  hydropyro lys is  C3-C4 gas produc t ion  i s  enhanc wh i l e  
methane produc t ion  i s  g r e a t l y  reduced i n  r e l a t i o n s h i p  t o  cokingeQ3) ( a t  
constant conversion). Fur ther ,  t h e  bo i  1 i ng p o i n t  d i s t r i b u t i o n  
hydropyro lyza te  i s  broader than w i t h  coker d i s t i l l a t e  from the  same feed.( 
This i s  i l l u s t r a t e d  i n  Figure-1 which a l so  compares t h e  b o i l i n g  p o i n t  
d i s t r i b u t i o n  o f  hydropyro lys is  products w i t h  v i r g i n  crude o i l .  These r e s u l t s  
suggest t h a t  hydrogen p lays  on impor tan t  r o l e  i n  f r e e  r a d i c a l  t rans fe r  
(propogat ion) reac t i ons  r e s u l t i n g  i n  a wider v a r i e t y  o f  c rack ing  events than 
i s  the  case w i t h  coking. 

Table 3 

Hydropyro lys is  o f  n-Propylbenzene i n  n-Hexadecane 

\ 

\ I f  

Feedstock (Atmosphere) 
20% n-propyl  

Conversion 
n-hexadecane 88.5 
n-propyl benzene --- 83.6 

31 .O 
79.4 
26.6 

Product Y ie ld  
Product (percent o f  n-propyl  benzene converted ) 

benzene 0 
t o 1  uene 0 
s ty rene 0 
e t h v l  benzene 0 
(un jden t i  f i e d  100 

o r  not l i s t e d )  100 

C8 P a r a f f i n / O l e f i n  4.3 
' 4 l c I  2.1 

13.7 
14.7 
12.7 
52.8 
6.1 

1o010 
Other I n d i c a t o r s  

3.2 
1.9 

8.9 
16.6 

6.4 
52.4 
15.7 

1oo.o 

0.9 
1.5 
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React ions o f  Hydrogen 

Molecular Hydrogen - The p r i n c i p a l  reactio(l l)of mo lecu la r  hydrogen i s  as a 
reac tan t  i n  the  general metathesis reac t i on  ( a c t i v a t i o n  energies given are 
f o r  t h e  a l k y l  r a d i c a l ) :  

Ea=14-15 K cal /mol 
+ 

E z 9 K cal/mol 
React ion 1 R- ( o r  Ar') + H2 +- 

a 

RH ( o r  ArH) + H* 

The s i g n i f i c a n c e  o f  t h i s  reac t i on  t o  hyd ropy ro l ys i s  cannot be 
overstated. It i s  through t h i s  reac t i on  t h a t  f r e e  r a d i c a l s  are saturated. 
Equa l l y  impor tan t  i s  t h e  f a c t  t h a t  hydrogen atoms are produced. Product ion o f  
hydrogen atoms i s  c r i t i c a l  t o  hydropyro lys is  chemi5tr.y and the mechanism shown 
i n  the  above r e a c t i o n  prov ides  a means f o r  p roduc t ion  o f  hydrogen atoms a t  
modest temperatures. Good contac t  between hydrogen and the  f r e e  rad i ca l s ,  i s  
important and homogeneous, vapor-phase r e a c t i o n  cond i t i ons  favo r  t h i s  
reac t ion .  Hydrogen a b s t r a c t i o n  reac t ions  are thought t o  occur a t  apprec iab le  
ra tes  ffl) a l k y l  hydrogen a t  410' and fo r  aromat ics a t  about 425OC dur ing  
coking. On t h i s  bas i s  and cons ider ing  r e l a t i v e  bond d i s s o c i a t i o n  energies, 
i t  may be p r e d i c t d  t h a t  t he  forward metathesis r e a c t i o n  accurs a t  s i g n i f i c a n t  
ra tes  a t  temperatures above about 435OC. Indeed many hydrov isb  
processes operate a t  temperture regimes j u s t  above t h i s  temperature 
the  metathesis r e a c t i o n  i s  probably impor tan t  t o  these processes as we l l .  

The e f f e c t  o f  t h e  metathesis reac t i on  can be seen i n  the  observat ions 
1 i s t e d  above. F i r s t ,  dehydrogenation o f  naphthenes i s  reduced because 
molecular hydrogen serves the  func t i on  of p rov id ing  hydrogen t o  sa tuara te  f ree  
rad i ca l s .  Second, a r y l  f r e e  rad i ca l s  a re  sa tura ted  be fore  they can add t o  
arenes forming thermodynamical ly s tab le  a r y l - a r y l  bonds. The r e a c t i o n  o f  a 
r a d i c a l s  w i t h  arenes i s  thought t o  be an e1ementar.y step i n  coke fo rmat ion  
and suppression o f  coke i s  due i n  p a r t  t o  react ion-1.  Third,  a l k y l  rad i ca l s  
a re  saturated be fore  they  can undergo B-SCiSSiOn and overcrack. There i s  
a c t u a l l y  a reverse  arguement t o  t h i s  l a t t e r  p o i n t  i n  which the  reverse o f  
reac t i on -1  r e s u l t s  i n  accelerated cracking. The net e f f e c t  i s  t h a t  molecular 
and atomic hydrogen ac t ,  i n  e f f e c t ,  as veh ic les  f o r  t he  t r a n s f e r  o f  f ree  
r a d i c a l  r e s u l t i n g  i n  a more random p o i n t  of c rack ing  than i s  experienced w i th  
thermal crackinq. Thermal c rack ing  i s  more e n e r g e t i c a l l y  c o n t r o l l e d  and as a 
r e s u l t  the products tend t o  be more s e l e c t i v e l y  d i s t r i b u t e d  between very l i g h t  
gases or heavy gas o i l s .  I n  hydropyro lys is ,  s i g n i f i c a n t  amounts of LPG and 
middle d i s t i l l a t e  a re  generated as discussed above. 

i9p k: ,": 

FYI 

Atomic Hydrogen 

Evidence for t he  presence o f  atomic hydrogen i n  hydropyro lys is  i s  c lea r  
from the observa t ions  presented. Based on react ion-1,  t he  popu la t ion  of 
hydrogen atoms would tend t o  increase as the  o v e r a l l  popu la t ion  o f  f ree  
r a d i c a l s  increases and as the  concent ra t ion  o f  hydrogen (gas /o i l  r a t i o )  
increases. React ions o f  atomic hydrogen can be grouped i n t o  two general 
t ypes :  ( i )  f r e e  r a d i c a l  hydrogen a d d i t i o n  and ( i i )  f r e e  r a d i c a l  hydrogen 
abs t rac t i on  reac t i ons  . 

The hydrogen a d d i t i o n  reac t ions  are charac ter ized  by a t tack  on 
unsaturated bonds, o l e f i n s  and aromatics, t o  form a l k y l  o r  cyclohexadienyl-  
t ype  rad ica ls ,  respec t i ve l y .  These r a d i c a l s  subsequently undergo metathesis 

394 



reac t i ons  with hydrogen t o  sa tu ra te  t h e  r a d i c a l  and regenerate t h e  hydrogen 
atom. The presence o f  unsaturated bonds tends t o  decrease t h e  o v e r a l l  
popu la t ion  of H* as evidenced by the  reduced c rack ing  ra tes  f o r  n-hexadecane 
when unsaturated bonds a re  present. 

I f  hydrogen adds t o  a subs t i t u ted  aromat ic carbon it i s  p robab le  t h a t  

t he  C-C bond. The same e f f e c t  i s  not t r u e  f o r  a r y l - a r y l  bon owever, which 

adds t o  an unsubs t i tu ted  aromatic carbon and a hydrogen i s  e l im ina ted  be fore  
the  f ree  r a d i c a l  can be hydrogenated an unproduct ive event occurs which cannot 
be observed i n  the  products. This reac t i on  may, however, account f o r  t he  s ink  
fo r  H' observed when aromat ics are present. 

Hydrogen a b s t r a c t i o n  reac t i ons  are a l s o  impor tan t  t o  hyd ropy ro l ys i s  
resu l t s .  Hydrogen abs t rac t ion ,  o r  t he  reverse o f  react ion-1,  r e s u l t s  i n  a 
f ree  r a d i c a l  which can subsequently undergo @-sc i ss ion  t o  crack t h e  molecule 
i n  two. The f a c t  t h a t  t he  r a t e  o f  c rack ing  o f  n-hexadecane depends upon the  
H' concent ra t ion  t e s t i f i e s  t o  t h e  importance o f  t h i s  reac t ion .  The broad 
d i s t r i b u t i o n  o f  t he  products as we l l  as the  r e l a t i v e l y  h igh  concen t ra t i on  of 
LPG range gases i nd i ca tes  t h a t  a less s e l e c t i v e  and more random c rack ing  i s  
occurr ing.  This i s  probably due t o  the  less d i s c r i m i n a t i n g  na tu re  o f  H' 
a b s t r a c t i o n  vs. f r e e  r a d i c a l  abs t rac t i on  i n  t h e  absence o f  h,ydrogen. 

\ r i n g  d e a l k y l a t i o n  w i l l  occur due t o  the  r e l a t i v e  s t reng th  o f  t h e  C-H bond VS. 

\ a re  thought t o  be s t ronger  than t h e  corresponding C-H bond. ??'.of If hydrogen 
'> 

SUMMARY 

I n  summary, both molecular hydrogen and atomic hydrogen are  reac tan ts  i n  
hyd ropy ro l ys i s  o f  res idua l  o i l .  The reac t ions  of hydrogen pos tu la ted  can 
account f o r  t he  major d i f f e rences  between p y r o l y s i s  i n  an i n e r t  atmosphere and 
hydropyro lys is .  Coke i s  i n h i b i t e d  through s a t u r a t i o n  o f  a r y l  r a d i c a l s  by 
molecular hydrogen and throuqh hydrogenation o f  v i n y l  aromat ics (and o l e f i n s )  
by a d d i t i o n  o f  H'. Cracking ra tes  are  enhanced throuqh hydrogen a b s t r a c t i o n  
react ions.  Product d i s t r i b u t i o n  i s  broadened throuqh l e s s  e n e r g e t i c a l l y  
d i s c r i m i n a t i n g  f r e e  r a d i c a l  format ion.  H,ydrogen a l s o  seems t o  a c t  as an 
e f f e c t i v e  heat t rans fe r  f l u i d  and as a d i l u a n t  t o  i n h i b i t  b imo lecu la r  a d d i t i o n  
o r  condensation reac t i ons  r e l a t i v e  t o  unimolecular c rack ing  reac t ions .  I n  
time, as t h e  r e l a t i v e  k i n e t i c s  o f  these reac t i ons  become b e t t e r  understood 
s p e c i f i c  process development routes may become apparent. The a p p l i c i b l i t y  o f  
hyd ropy ro l ys i s  t o  upgrading feedstocks f rom a v a r i e t y  of sources and 
composi t ions should l i k e w i s e  become more apparent. 
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NOMINAL BOILING POINT 'C 

Figfrre I .  Distilintion curves for selected far sand prodcrcf.r nrrd WLnitlgton crrrde 
oil: Asphalt Rid,qe coker di.srillare (97% disfillnble. 27" A P I )  (-); Asphalf 
Ridge 1r.vdropyroly.ris conden.sah1e.r (85% di.rtil/ahle, 25" A P I )  (- - -); Wiiming- 

ton, CA cricde oil (65% distillohle, 20" A P I ) ( -  . -). 


